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We explore the Gravitational Waves (GW) phenomenology of a simple class of supergravity mod-
els that can explain and unify inflation and Primordial Black Holes (PBH) as Dark Matter (DM).
Our (modified) supergravity models naturally lead to a two-field attractor-type double inflation,
whose first stage is driven by Starobinsky scalaron and the second stage is driven by another scalar
belonging to a supergravity multiplet. The PBHs formation in our supergravity models is efficient,
compatible with all observational constraints, and predicts a stochastic GW background. We com-
pute the PBH-induced GW power spectrum and show that GW signals can be detected within the
sensitivity curves of the future space-based GW interferometers such as LISA, DECIGO, TAIJI
and TianQin projects, thus showing strong predictive power of supergravity in GW physics.
I. INTRODUCTION
Negative results in experimental searches of thermally
produced Weak Interacting Massive Particles (WIMP)
motivated new DM candidates. The idea that DM can
be composed of (non-particle) PBH is very attractive,
being sustainable by theoretical high energy physics, cos-
mological and astrophysical considerations, see e.g., [1–3]
and references therein. Should PBH account for a large
part (or the whole) DM, there will be a high chance to
detect induced GW signals in future experiments [4–6].
PBH can be efficiently produced in the double inflation
scenarios, where inflation is sourced by two dynamical
scalars [1, 7]. The models of double inflation in the lit-
erature usually rely on particular interactions including
scalar potentials and parameter spaces in the context of
General Relativity (GR). Therefore, it is of considerable
interest to study a theoretical origin of PBH formation at
a more fundamental level than GR. Supersymmetry and
supergravity are good candidates for new fundamental
physics beyond the Standard Models of particle physics
and cosmology, being theoretically well motivated. More-
over, supergravity severely restricts possible interactions
and free parameters.
We assume Starobinsky inflation in the context of mod-
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ified gravity (see e.g., [8] for a recent review), because it is
universal and robust for slow roll inflation, and is in per-
fect agreement with current cosmological data. Starobin-
sky inflation is driven by a new scalar degree of freedom,
called scalaron. However, scalaron is not enough for cat-
alyzing an efficient production of PBH. Therefore, we
consider Starobinsky inflation in modified supergravity
providing new tools for PBH production, as our desider-
ata. As was already demonstrated in [9], the Starobinsky
(modified) supergravity is a powerful framework for dou-
ble inflation and PBH as DM. However, an open ques-
tion remains whether the Starobinsky supergravity can
be tested in specific phenomenological channels.
In this Letter, we study a class of supergravity mod-
els explaining the origin of inflation and PBH as DM, in
agreement with all cosmological bounds, which can be
probed in GW experiments. We show that supergrav-
ity naturally leads to co-production of PBH as DM and
a GW stochastic background that can be tested in the
future GW space-based interferometers such as LISA,
DECIGO, TAIJI and TianQing projects. The GW
power spectrum is sensitive to the PBH mass spectrum
and the double inflation parameters, which are closely
related to each other in supergravity. In particular, we
estimate the energy density spectrum of the second-order
GW radiation induced by the enhanced scalar power
spectrum during the process of PBH formation. We com-
pare the second-order GW power spectrum with the sen-
sitivity curves of future GW experiments and conclude
that the predicted GW spectrum can be tested by the
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2next GW space-based interferometers in a large part of
the parameter space.
II. STAROBINSKY SUPERGRAVITY WITH
PBH AS DM
Our approach is based on the modified (old-minimal)
supergravity described by the Lagrangian [10, 11]
L =
∫
d2Θ2E [− 18 (D2 − 8R)N(R,R) + F(R)]+ h.c.
(1)
with two arbitrary functions N(R,R) (real) and F(R)
(holomorphic), where R is the chiral scalar curvature su-
perfield (we use the standard notation of supergravity in
curved superspace [12]). The Lagrangian (1) is a generic
(locally) supersymmetric extension of (R + R2) gravity
with four real scalars (including scalaron), all belonging
to a single (off-shell) supergravity multiplet.
Let us consider the following ansatz (as a few leading
terms in Taylor expansion) for the functions N and F
[9]:
N =
12
M2
|R|2 − 72
M4
ζ|R|4 − 768
M6
γ|R|6 , (2)
F = −3R+ 3
√
6
M
δR2 , (3)
where M is the scalaron mass, with the parameters ζ, γ,
and δ fixing the form of the scalar potential. Actually,
the M2 enters as an overall factor in the scalar potential
and thus does not change its shape. The standard Ein-
stein supergravity corresponds to the special case N = 0
and F = −3R [12]. In the case of ζ = γ = δ = 0,
we get the simplest supersymmetric extension of R+R2
gravity. However, that model has a tachyonic instability
along the inflationary trajectory and the scalar poten-
tial is unbounded from below. As was shown in [13, 14],
those problems can be resolved by introducing an extra
term ζ|R|4 term as in (2), whose parameter has a lower
bound (ζ ≥ 1/54 in our notation). The model (1) with
γ = δ = 0 (and a non-zero ζ) is known as the simplest
phenomenologically viable extension of Starobinsky in-
flation in (old-minimal) supergravity [8].
By extending the model further, either via N (with
γ 6= 0, δ = 0) or via F (with γ = 0, δ 6= 0), it is possi-
ble to achieve an enhancement of the inflationary scalar
power spectrum at a scale much smaller the inflationary
scale, which is necessary to produce seeds of PBHs after
inflation [9]. Focusing on the effective dynamics of two
real scalars (when the two others are stabilized), we found
that the enhancement in the power spectrum is produced
due to an inflection point in the two-field scalar poten-
tial, which creates a period of ”Ultra-Slow-Roll” (USR)
inflation following the standard slow-roll evolution. The
slow-roll stage is driven (mainly) by scalaron, whereas
the USR stage is driven (mainly) by the second scalar.
We call the model with γ 6= 0 and δ = 0 as the γ-
extension, and the model with δ 6= 0 and γ = 0 as the
δ-extension. According to [9], the γ-extension exhibits
attractor behavior, in the sense that the shape of the
scalar potential becomes less sensitive to changes in γ as
we increase the value of γ. The enhancement of the power
spectrum can be achieved when γ ≥ O(1) and ζ satisfies
an equation for (near-)inflection points. The value of ζ
can be tuned around its inflection point value to control
the duration of USR stage ∆N2 — the longer it lasts,
the larger the power spectrum peak grows. As for the
δ-extension, we do not find the aforementioned attractor
behavior, though a desired power spectrum peak is still
possible in the two parameter regions – the one is around
δ = 0.1, and another one is around δ = 0.6, while the
parameter ζ controls the duration of the USR stage here
as well.
The relevant part of the Lagrangian is calculable by
parametrizing the leading field component of the curva-
ture superfield as
R|Θ=0 = M√
24
e−iaσ , (4)
and setting bm = a = 0, where bm is the real vector of an
old-minimal supergravity multiplet, and the real scalars
σ and a are the radial and angular modes of R|, respec-
tively. After using the standard Legendre-Weyl trans-
form to eliminate the R2-term, the bosonic part of the
Lagrangian in Einstein frame reads
e−1L = 1
2
R− 1
2
(∂ϕ)2 − 3M
2
2
Be
−
√
2
3ϕ(∂σ)2−
− 1
4B
(
1−Ae−
√
2
3ϕ
)2
− e−2
√
2
3ϕU , (5)
where ϕ is the scalaron, and the functions A ≡ A(σ), B ≡
B(σ), U ≡ U(σ) are given by
A(σ) = 1− δσ + 16σ2 − 1124ζσ4 − 2954γσ6 ,
B(σ) = 13M
−2(1− ζσ2 − γσ4) , (6)
U(σ) = 12M
2σ2
(
1 + 12δσ − 16σ2 + 38ζσ4 + 2554γσ6
)
.
The Ka¨hler potential and the superpotential of the
matter-coupled Einstein supergravity dual to the mod-
ified supergravity defined by (2) and (3) are given by
K = −3 log [T + T − 13N(S, S)] , (7)
W = 3MST + F(S) , (8)
where T and S are chiral (super)fields, and the functions
N(S, S) = 3
(|S|2 − 32ζ|S|4 − 4γ|S|6) , (9)
F(S) = 3MS
(√
6
4 δS − 12
)
, (10)
are obtained from (2) and (3) by replacing R = MS/2.
Then (4) gives S = e−iaσ/
√
6. The scalaron ϕ in this
3TABLE I. The parameters used to estimate the PBH density
fraction shown in Fig. 1. The ns and r are computed at
∆N = 60 e-folds before the end of inflation (including the
USR e-folds ∆N2).
γ δ ζ ∆N2 ns r
Case I 1 0 −1.7778908 22 0.9475 0.0076
Case II 0 0.094 0.03274224 20 0.9524 0.0062
Case III 0 0.58 0.09597458 23 0.9504 0.0060
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FIG. 1. The PBH density fraction in the cases I (solid line),
II (dashed line), and III (dotted line) corresponding to Table
I, where PBHs contstitute 30 ÷ 50% of dark matter. The
background observational constraints on PBHs are taken from
[3].
dual picture is given by
e
√
2
3ϕ = T + T − 13N(S, S) . (11)
Setting ImT = a = 0 gives the Lagrangian (5).
Here we take the specific examples used in [9] to esti-
mate the PBH-to-DM density fractions: the one in the
γ-extension and the two others in the δ-extension. The
two examples of the δ-extension are explained by the
existence of the two suitable parameter regions, where
δ ' 0.1 and δ ' 0.6 yield different shapes of the power
spectrum (broad and narrow, respectively). The param-
eter sets of those three examples are given in Table I, and
the corresponding PBH density fractions f(M) are shown
in Fig. 1 (we used the normalization of the wavenumber
k60 = 10
−4 Mpc−1, where k60 is the scale that leaves the
horizon 60 e-folds before the end of inflation).
To compute the fraction, we use the critical density
values (for PBH collapse) δc = 0.275, 0.319, 0.392 in the
cases I, II, and III, respectively. First we fix the param-
eters of the model and then adjust δc around the ana-
lytical estimate δc ' 1/3 [15] by requiring a substantial
PBH fraction (30÷50% of all DM). The reverse strategy
is also possible: first fix δc, and then adjust the param-
eters (since numerical simulations suggest a higher value
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FIG. 2. The PBH density fraction for γ = 1 and ∆N2 =
22.45 (solid line), δ = 0.094 and ∆N2 = 20.68 (dashed line),
δ = 0.58 and ∆N2 = 23.36 (dotted line). In all three cases
ftot = 1.
of δc [16], we take δc = 0.45 as an example). As regards
γ and δ, we choose their values as in Table I. Adjusting
∆N2 (by tuning ζ) leads to the desired PBH fraction.
For instance, when PBH is the whole DM,
ftot =
∫
d(logM)f(M) = 1 . (12)
Then USR duration is fixed as ∆N2 = 22.45, 20.68, and
23.36 in the cases γ = 1, δ = 0.094, and δ = 0.58, re-
spectively. The PBH density fractions in this scenario
are depicted in Fig. 2.
III. ENERGY DENSITY OF INDUCED GW
The present-day GW density function ΩGW is given by
[4, 6]
ΩGW(k)
Ωr
=
cg
72
∫ 1√
3
− 1√3
dd
∫ ∞
1√
3
ds
[
(s2 − 13 )(d2 − 13 )
s2 + d2
]2
× Pζ(kx)Pζ(ky)
(
I2c + I
2
s
)
, (13)
where the constant cg ≈ 0.4 in the case of the Standard
Model (SM), and cg ≈ 0.3 in the case of the Minimal
Supersymmetric Standard Model (MSSM).
The present-day value of the radiation density Ωr is
equal to h2Ωr ≈ 2.47×10−5, according to measurements
of CMB temperature [17]. Here h is the reduced (present-
day) Hubble parameter that we take as h = 0.67 (ignor-
ing the Hubble tension). The variables x, y are related
to the integration variables s, d as
x =
√
3
2
(s+ d) , y =
√
3
2
(s− d) , (14)
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FIG. 3. The density of stochastic GW induced by the power
spectrum enhancement in our supergravity models: the case I
(solid black curve), the case II (dashed black curve), and the
case III (dotted black curve). The expected sensitivity curves
for space-based GW experiments are represented by different
colors.
and the functions Ic and Is of x(s, d) and y(s, d) are [4, 6]
Ic = −4
∫ ∞
0
dη sin η
{
2T (xη)T (xη)
+
[
T (xη) + xηT ′(xη)
][
T (yη) + yηT ′(yη)
]}
,
(15)
Is = 4
∫ ∞
0
dη cos η
{
2T (xη)T (xη)
+
[
T (xη) + xηT ′(xη)
][
T (yη) + yηT ′(yη)
]}
,
(16)
where
T (kη) =
9
(kη)2
[√
3
kη
sin
(
kη√
3
)
− cos
(
kη√
3
)]
, (17)
in terms of the conformal time η.
An integration in Ic and Is can be performed analyti-
cally [4],
Ic = −36pi (s
2 + d2 − 2)2
(s2 − d2)3 θ(s− 1) , (18)
Is = −36s
2 + d2 − 2
(s2 − d2)2
[
s2 + d2 − 2
s2 − d2 log
∣∣∣∣d2 − 1s2 − 1
∣∣∣∣+ 2] ,
(19)
where θ is the Heaviside step function.
With these definitions, the GW density can be com-
puted numerically for a given power spectrum. It is suf-
ficient to consider power spectra for the cases of Table I
where PBHs are part of dark matter, because the cases
with ftot = 1 have similar power spectra but with slightly
larger peaks. By using the power spectra numerically
computed for the three examples (cases I, II, and III) in
[9], we plot the density ΩGW(k) (in terms of frequency
k = 2pif) in Fig. 3, together with the expected sensitiv-
ity curves for several space-based GW experiments. We
use the power-law integrated curves [18] and apply them
to the LISA noise model [19, 20] (alternatively, peak-
integrated curves can be used [21]). The parameters and
the noise models for TianQin [22], Taiji [23], and DE-
CIGO [24] are used to construct the corresponding sen-
sitivity curves.
The upcoming space-based GW experiments are ex-
pected to be sensitive enough to detect the stochastic
GW background predicted by a large class of two-field
inflationary models where PBHs account for a significant
fraction (or all) of DM. Fig. 3 shows that our supergrav-
ity models also produce GW peaking in the frequency
range 10−3÷10−1 Hz expected to be accessible by LISA,
TianQin, Taiji, and DECIGO experiments.
IV. CONCLUSION
We demonstrate for the first time that modified su-
pergravity can predict a copious formation of PBH after
Starobinsky inflation in a large part of the parameter
space, supporting the proposal that those PBH may ac-
count for a large part or the whole DM. We also show that
modified supergravity predicts a GW stochastic back-
ground radiation that is sensitive to the inflationary pa-
rameters and the PBH mass spectrum. Our main results
are summarized by Figs. 1, 2 and 3, all derived in our su-
pergravity model specified by Eqs. (1), (2) and (3). The
obtained PBH mass spectra are compatible with all astro-
physical and cosmological constrains, while induced GW
signals can be detected by the next space-based gravita-
tional interferometers.
Supergravity is usually regarded as a high-energy ex-
tension of gravity. We find that the new scalars of mod-
ified supergravity can play the active role during infla-
tion, catalyze PBH formation and produce GW radia-
tion. Interactions of those scalars are dictated by local
supersymmetry and are not assumed ad hoc, thus hav-
ing the predictive power to be falsified in future experi-
ments. Therefore, next indirect footprints of supersym-
metry may be detected from GW physics rather than
high-energy colliders!
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